Corynebacterium glutamicum R has two ␤-glucoside phosphoenolpyruvate, carbohydrate phosphotransferase systems (PTS) encoded by bglF and bglF2 located in the respective clusters, bglF-bglA-bglG and bglF2-bglA2-bglG2. Previously, we reported that whereas ␤-glucoside-dependent induction of bglF is strongly repressed by glucose, glucose repression of bglF2 is very weak. Here, we reveal the mechanism behind the different effects of glucose on the two bgl genes. Deletion of the ribonucleic antiterminator sequence and transcriptional terminator located upstream of the translation initiation codon of bglF markedly relieved the glucose repression of a bglF-lacZ fusion, indicating that glucose affects the antitermination mechanism that is responsible for the ␤-glucoside-dependent induction of the bglF cluster. The glucose repression of bglF mRNA was also relieved by introducing a multicopy plasmid carrying the bglG gene encoding an antiterminator of the bglF cluster. Moreover, replacement of the GUG translation initiation codon of bglG with AUG was effective in relieving the glucose repression of bglF and bglG. Inversely, expression of bglF2 and bglG2 was subject to strict glucose repression in a mutant strain in which the AUG translation initiation codon of bglG2 encoding antiterminator of the bglF2 cluster was replaced with GUG. These results suggest that the translation initiation efficiency of the antiterminator proteins, at least in part, determines whether the target genes are subject to glucose repression. We also found that bglF expression was induced by glucose in the BglG-overexpressing strains, which may be explained by the ability of BglF to transport glucose.
In many bacterial cells, ␤-glucosides are taken up via the phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS), which is consequently important for the acquisition of various carbohydrates (22, 34) . The PTS consists of two common cytoplasmic proteins, enzyme I (EI) and HPr, and an array of carbohydrate-specific enzyme II (EII) permeases. The phosphoryl group from phosphoenolpyruvate is sequentially transferred to EI, HPr, EII, and finally to the carbohydrate as it is translocated across the membrane.
An antitermination mechanism has a pivotal role in regulation of ␤-glucoside PTS genes in many bacteria. The regulation has been well studied in Escherichia coli and Bacillus subtilis. In the antitermination regulatory mechanism, transcription stops at a terminator sequence present in the 5Ј untranslated region (UTR) of the target mRNA. In the presence of substrate sugar, a transcriptional antiterminator protein of the BglG/ SacY family binds to the ribonucleic antiterminator (RAT) sequence partially overlapping the transcriptional terminator and thereby results in transcription elongation to the end of the target gene (1, 5, 38) .
An antiterminator such as E. coli BglG or B. subtilis LicT is inactivated by phosphorylation at the PTS regulation domain 1 (PRD-1) by a ␤-glucoside EII. Concomitant with PTS-dependent uptake and phosphorylation of the substrate sugar, the antiterminator is activated by dephosphorylation of PRD-1, resulting in upregulation of the ␤-glucoside PTS gene. On the other hand, activation of the transcriptional antiterminator requires HPr. HPr phosphorylates PRD-2, and this phosphorylation is essential for the activity of the antiterminator (12, 27, 37) . Decrease of histidine-phosphorylated HPr concomitant with rapid metabolism of glucose is responsible for strict suppression of ␤-glucoside-PTS expression. This repression by glucose, which is important for preferential utilization of glucose, is generally observed in the regulation of carbohydrate metabolism in bacteria.
Corynebacterium glutamicum is a high-GC content, Grampositive soil bacterium which is widely used for the industrial production of amino acids, notably glutamate and lysine (19, 21) . C. glutamicum can generate high yields of lactate and succinate from sugar (17, 31, 32) . Thus, the regulation of sugar metabolism in this industrially important microorganism is of great interest. In C. glutamicum, the general PTS (EI and HPr) as well as glucose-, fructose-, and sucrose-specific PTS EIIs has been characterized (6, 23, 28, 33) . Recently, it was revealed that multiple transcriptional regulators are involved in the regulation of expression of these PTS genes in C. glutamicum (8-11, 40, 42) . It is noted that C. glutamicum can simultaneously utilize multiple carbon sources (7, 43, 44) , and preferential utilization of glucose is reported in only a few cases (2, 13, 25) . The roles of PTS proteins in the regulation of gene expression are largely unknown for this bacterium.
A distinct feature of C. glutamicum R strain is that, unlike C.
glutamicum strains ATCC 13032 and ATCC 13869, it is capable of utilizing ␤-glucosides (24, 41) . C. glutamicum R has two ␤-glucoside utilization gene clusters, bglF-bglA-bglG and bglF2-bglA2-bglG2 (Fig. 1) . bglF and bglF2 encode ␤-glucoside PTS EIIs. bglA and bglA2 encode phospho-␤-glucosidases. bglG and bglG2 encode members of transcriptional antiterminator BglG/ SacY family. Expression of both bglF and bglF2 is regulated via the antitermination mechanism dependent on BglG and BglG2, respectively (41) . Interestingly, bglF and bglF2 show different expression patterns in the presence of glucose. Induction of bglF expression by ␤-glucoside is strictly suppressed in the presence of glucose, while the glucose repression of bglF2 is weak. Until now, the mechanism that explains the different responses to glucose has not been clarified. In this study, we show that translational efficiency of the antiterminator proteins is an important factor that determines the glucose responsiveness of the bgl genes.
MATERIALS AND METHODS
Media and growth conditions. C. glutamicum was grown aerobically at 33°C with shaking at 200 rpm. For the analysis of glucose utilization, C. glutamicum was grown in 100 ml of nutrient-rich A medium (18) supplemented with 0.2% glucose. For the analysis of bgl gene expression, C. glutamicum was grown in 10 ml of A medium supplemented with carbon sources. Bacterial growth was monitored by determining the optical density at 610 nm (OD 610 ).
Bacterial strains and plasmids. C. glutamicum strains used in this study are listed in Table 1 . C. glutamicum R was used as a wild-type strain (45) . A suicide vector, pCRA725, carrying the sacB gene was used for construction of mutant strains (16) . Oligonucleotide primers used for gene modification are summarized in Table 2 . Briefly, DNA fragments that encode genes with an internal deletion, base substitution at the translation initiation codon, or addition of DNA sequences encoding tandem FLAG tags (DYKDDDKDYKDDDK) were PCR amplified and cloned into pCRA725. The resultant plasmids were introduced into C. glutamicum, and single-crossover cells were isolated by using kanamycin resistance. Isolated cells were cultivated on medium supplemented with 10% sucrose, and double-crossover cells were isolated. The gene modifications were confirmed by DNA sequencing of the PCR products around the modified region.
Construction of recombinant plasmid pCRC806 carrying the bglG gene was carried out as follows. bglG was amplified from C. glutamicum R genomic DNA by PCR using primers SacI-bglG1-1-F and H3-bglG1-869-R ( Table 2 ). The amplified DNA fragment was digested with SacI and HindIII and cloned into the corresponding sites on pCRB1 (16) to construct pCRC806.
Real-time qRT-PCR. Total RNA was isolated from exponentially growing cells (OD 610 of 1.2) using an RNeasy Kit (Qiagen). Total RNA of 20 ng was used as a template for analysis of the bgl genes, and 0.4 ng was used for analysis of the 16S rRNA to generate cDNA and for the subsequent PCR. Each quantitative reverse transcription-PCR (qRT-PCR) mixture (20 l) contained 500 nM each primer, 10 l of Power SYBR green PCR Master Mix, 8 units of RNase inhibitor, and 5 units of murine leukemia virus (MuLV) reverse transcriptase (Applied Biosystems). The primers used in these reactions are listed in Table 3 . Reactions were performed using the ABI 7500 Fast Real-Time PCR System (Applied Biosystems) with the following cycle parameters: one cycle of 50°C for 30 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. The result of 16S rRNA was used as an internal control.
Western blotting. A 10-ml aliquot of cell cultures grown to an OD 610 of 1.2 was collected by centrifugation, and pellets were mixed with glass beads and 1.0 ml of buffer (4% SDS, 5% 2-mercaptoethanol, 40 mM Tris-HCl, pH 6.8, 8 M urea, and 0.1 mM EDTA). Cells were disrupted by vigorous vortexing, samples were centrifuged (12,000 rpm for 1 min), and the supernatant was used as a protein sample. Proteins of 500 g were loaded onto 0.1% (wt/vol) SDS-13% (wt/vol) polyacrylamide gels and electrophoresed. Separated proteins were blotted to polyvinylidene difluoride membranes (Immobilon-P; Millipore) and probed with monoclonal anti-FLAG M2 antibody (Sigma) and horseradish peroxidase-conjugated anti-mouse antibody (GE Healthcare). Chemiluminescence reactions were done using an ECL Plus Western Blotting Detection System (GE Healthcare). The signal was scanned by a luminescent image analyzer (model LAS-3000; FUJI).
Analysis of glucose concentration. The cell culture was centrifuged (at 1,000 ϫ g at 4°C for 1 min), and the supernatants were analyzed for glucose. The concentration of glucose was measured by an enzyme electrode glucose sensor (BF-4; Oji Scientific Instruments). various concentrations on expression of bglF, bglG, bglF2, and bglG2 in the presence of an inducer, ␤-glucoside or salicin, were examined. Wild-type C. glutamicum was grown in rich medium with or without sugar (salicin and/or glucose). Total RNA was prepared from cells at exponential growth phase and subjected to quantitative reverse transcription-PCR analysis ( Fig. 2 ). As described previously (41), the bglF and bglF2 mRNA levels were markedly upregulated in the presence of salicin (1%, wt/vol) compared to those in its absence. The induction of bglF expression by salicin was completely suppressed in the presence of an equal amount of glucose (1%, wt/vol) ( Fig. 2A) , while the effect of glucose on expression of bglF2 was relatively small (Fig. 2B ). Then we tested various concentrations of glucose. Strong effects of glucose on bglF expression were observed even at a concentration of 0.05% (wt/vol), indicating that this gene is very sensitive to glucose repression. Although the level of bglF2 mRNA decreased as the concentration of glucose increased, the effect of glucose was much weaker than that of bglF. The bglG and bglG2 genes showed the same expression patterns as bglF and bglF2, respectively ( Fig. 2) , probably due to transcription at the respective operons (Fig. 1) . Glucose exerts repression mainly at the antitermination step of expression of the bglF gene cluster. Whether glucose affects expression of the bglF gene cluster at transcription antitermination was investigated by using the bglF promoter-lacZ reporter system (41) . The bglF promoter-lacZ (bglF-lacZ) and bglF2 promoter-lacZ (bglF2-lacZ) fusions were integrated into the chromosome of wild-type C. glutamicum. The respective resultant strains were grown in rich medium with 1% sugar (glucose or salicin), and expression of the lacZ fusions was analyzed by qRT-PCR (Fig. 3) . As described previously (41), supplementation with salicin but not with glucose highly induced expression of bglF-lacZ and bglF2-lacZ. The induction of bglF-lacZ expression by salicin was completely suppressed 
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NheI-ptsG-1500-F GCGGCTAGCGGTCAGGTCCGCAAGG ptsG deletion BglII-ptsG-1-R GCGAGATCTATGTCAAACCTTTCTAAACGTAGG ptsG deletion BglII-ptsG-1949-F GAAGAAGATCTGAAGGCAGAAGC ptsG deletion SphI-ptsG-3545-R GCCGCATGCTCTGTACCCACTTCTAAAAGCAC ptsG deletion SphI-bglF-1500-F GCCGCATGCTACCTCCCTTTTTCACTTAAACCGGCA bglF deletion NheI-bglF-1-R GCGGCTAGCAAGGTTTCATCGCCCTCACC bglF deletion NheI-bglF-1856-F GCGGCTAGCTGTTCTTGTCCTTTTCGTTCAGAAAGC bglF deletion SphI-bglF-3356-R GCCGCATGCAGGGGGCTATGATTCTCGAACC bglF deletion NheI-bglF2-1500-F GCGGCTAGCATCGCCGATGGATGGAAATACTC bglF2 deletion BglII-bglF2-1-R CGCAGATCTGTGATAGATGTTCGCGAAAGCTAC bglF2 deletion BglII-bglF2-2207-F CGCAGATCTGATGGACCTCCCTAAAAACCTTTAAG bglF2 deletion SphI-bglF2-3707-R GCCGCATGCTTTAGCCGGAGCGAAAACCGCAG bglF2 deletion NheI-bglG-F GCGGCTAGCTCACCCACCACACCACAC Exchange of initiation codon of bglG bglG-ATG-R CACTCTCAACACTTTCATCGAGGTGAC Exchange of initiation codon of bglG bglG-ATG-F GAGGTGTCACCTCGATGAAAGTGTTG Exchange of initiation codon of bglG NheI-bglG-R GCGGCTAGCGGCCTTAATATGATGGCAATCACTAATTG Exchange of initiation codon of bglG PstI-bglG2-R GCGCTGCAGGGCTAGGGAGGAATCTTGG Exchange of initiation codon of bglG2 bglG2-GTG-R CAAGCAGAAGTGCTCACCACAATCTCTC Exchange of initiation codon of bglG2 bglG2-GTG-F GTAAGAATAACGAGAGATTGTGGTGAGCAC Exchange of initiation codon of bglG2 NheI-bglG2-F GCGGCTAGCTGAACGCACCACTGTTGACG Exchange of initiation codon of bglG2 PstI-bglG1-2-F GCGCTGCAGTGAAAGTGTTGAGAGTGCTCAACAATAATGTTG Addition of FLAG tag to bglG BglII-bglG1-FLAG GGCAGATCTTACTTGTCATCGTCATCCTTGTAGTCTGCTGCTCCATC AGCGGTAGTACCTCGATCTTC
Addition of FLAG tag to bglG
NheI-bglG1-1500-R GCGGCTAGCGGCGGAAAATTTCAATGTCACACACTAAG Addition of FLAG tag to bglG BglII-bglG1-2370-F GGCAGATCTCAAGCTCTAGGCGCGAATCTTTATTAAG Addition of FLAG tag to bglG PstI-bglG2-2-F GCGCTGCAGTGGTGAGCACTTCTGCTTGGAAG Addition of FLAG tag to bglG2 BglII-bglG2-FLAG GGCAGATCTTACTTGTCATCGTCATCCTTGTAGTCTGCTGCTCCTCG CGGTGACTTCATCAAACG
Addition of FLAG tag to bglG2
NheI-bglG2-1500-R GCGGCTAGCCTCAAATGGACTGTCTTTGCCGTAG Addition of FLAG tag to bglG2 BglII-bglG2-2370-F GGCAGATCTCGGGAGGTCGTGCCGGT Addition of FLAG tag to bglG2 BglII-FLAG-FLAG-R GCGAGATCTTATTTATCGTCATCGTCTTTATAATCCTTGTCATCGTC ATCCTTGTAGTCTG Addition of tandem FLAG tag to bglG and bglG2 SacI-bglG1-1-F CCGGAGCTCGTGAAAGTGTTGAGAGTGCTCAAC Cloning of bglG to multicopy plasmid H3-bglG1-869-R GCGAAGCTTAATCAGCGGTAGTACCTCGATCTTC Cloning of bglG to multicopy plasmid a Mutagenized nucleotides are underlined. 
by supplementation with an equal amount of glucose. On the other hand, glucose had a minimal effect on bglF2-lacZ expression. These results indicate that this promoter-reporter system reflects native expression of bglF and bglF2. We then tested strains that lack ribonucleic antiterminator sequence (RAT) and a transcriptional terminator in bglF-lacZ and bglF2-lacZ (bglF⌬RAT-lacZ and bglF2⌬RAT-lacZ, respectively). The role of the RAT for catabolite repression has been demonstrated before for the B. subtilis bgl operon (26) . Deletion of RAT sequence is expected to abolish the requirement of antiterminator proteins for transcription elongation of those genes. Supplementation with glucose only weakly repressed expression of bglF⌬RAT-lacZ either in the presence or absence of salicin. These results indicate that glucose repression of bglF is mainly exerted at the level of transcriptional antitermination. Similar results were observed in the expression of bglF2⌬RAT-lacZ (Fig. 3B) . The minor effect of glucose on bglF⌬RAT-lacZ and bglF2⌬RAT-lacZ expression may reflect an unidentified repression mechanism at transcription initiation. The possibility that deletion of RAT affects stability of these mRNAs by changing the secondary structure of 5Ј UTR region was discounted since no difference was observed in the reduction pattern of mRNA levels of all these fusion genes after treatment with rifampin, an inhibitor of RNA synthesis (data not shown).
Glucose repression of bglF is weakened by enhancement of bglG expression. To further examine the involvement of antitermination in glucose repression of the bglF gene cluster, we tested the effects of overexpression of the antiterminator bglG gene on bglF expression. A plasmid carrying the bglG gene under the control of a constitutive promoter (pCRC806) was introduced into the C. glutamicum wild-type strain, and expression of bglF and bglG was analyzed by qRT-PCR (Fig. 4) . When the cells were grown in rich medium without sugar supplementation, the level of bglG mRNA was high in the Strains carrying the wild-type bglF promoter-lacZ YT117; bglF-lacZ), the mutant bglF promoter-lacZ (YT121; bglF⌬RAT-lacZ), the wild-type bglF2 promoter-lacZ (YT119; bglF2-lacZ), and the mutant bglF2 promoter-lacZ (YT123; bglF2⌬RAT-lacZ) were grown in nutrient-rich A medium supplemented with 1% (wt/vol) glucose (Glc) and/or 1% (wt/vol) salicin (Sal). The expression levels of these lacZ fusion genes were determined by qRT-PCR using primers specific for lacZ. The relative mRNA levels were normalized to the level in the strain carrying the respective wild-type promoter-lacZ grown in the medium supplemented with salicin alone. The values are the means of three independent experiments and standard deviations are indicated on the bar tops.
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bglG-overexpressing strain, which is comparable to the level of the wild-type strain carrying a vector plasmid (pCRB1) grown in the presence of salicin. The level of bglG mRNA in the bglG-overexpressing strain was enhanced 2-fold by supplementation with salicin, probably due to the induction of the genomic bglG gene. The level of bglF mRNA in the bglG-overexpressing strain grown in a medium without sugar supplementation was as low as that of the wild-type strain transformed with the vector plasmid. Supplementation with salicin resulted in the induction of bglF expression in both wild-type and bglG-overexpressing strains. The induced level of bglF mRNA by salicin was increased 1.4-fold by the enhancement of bglG expression. In the bglG-overexpressing strain, the level of bglF mRNA in the presence of salicin was only weakly repressed by additional supplementation with glucose (less than 2-fold repression), in contrast to the strict glucose repression observed in the strain carrying the vector plasmid. These results suggest that the expression level of the BglG antiterminator is an important determinant for efficient glucose repression of bglF. Interestingly, expression of bglF in the bglG-overexpressing strain was induced to some extent by supplementation with glucose alone (about 37% induction level compared to that by salicin).
Exchanging translation initiation codons affects glucose repression of bgl genes. The above results suggest that the level of the antiterminator proteins is an important factor to determine the degree of glucose repression of the bgl genes. Interestingly, the translation initiation codon of bglG is the GTG triplet, which is less efficient than the ATG that is used for bglG2 (Fig. 5A) . In order to examine the effects of the translation initiation codon on the expression level of the antiterminators, four strains transformed with the genes encoding the FLAG-tagged proteins were constructed. These strains carry the FLAG-tagged BglG and BglG2 genes with their native translation initiation codons (bglG-FL-GTG and bglG2-FL-ATG) and the genes with the translation initiation codons exchanged one for another (bglG-FL-ATG and bglG2-FL-GTG) in their chromosomes. The resultant strains were grown in rich medium with or without salicin, and the expression levels of BglG and BglG2 proteins were determined by immunoblotting against the FLAG tag (Fig.  5B) . As expected, BglG and BglG2 exhibited almost the same electrophoretic mobilities. The protein levels of BglG and BglG2 were higher in the presence of salicin than in its absence, indicating that these FLAG-tagged proteins are functional. Replacement of the GTG translation initiation codon of BglG by ATG resulted in an increased amount of the BglG protein, while replacement of the ATG translation initiation codon of BglG2 by GTG resulted in a decreased amount of the BglG2 protein. When the proteins were expressed under the control of the native translation initiation codon, a more intense band was observed for BglG2 than for BglG protein.
To examine effects of the translation efficiency of the antiterminators on the bgl genes, strains carrying the chromosomal bglG and bglG2 genes with the substituted translation initiation codons (bglG-ATG and bglG2-GTG, respectively) were constructed. The resultant strains were grown in rich medium with or without sugar (salicin and/or glucose), and expression of the bgl genes was analyzed by qRT-PCR (Fig. 6 ). In the bglG-ATG-carrying strain (YT102), supplementation with salicin alone induced expression of bglF and bglG, and the induction level was only weakly repressed by additional supplementation with glucose (Fig. 6A) , in contrast to the strong glucose repression observed in the wild-type strain ( Fig. 2A) . On the other hand, the bglG2-GTG-carrying strain (YT133) showed strong glucose repression of bglF2 and bglG2 expression (Fig.  6B) , unlike the wild-type strain, which showed weak glucose repression (Fig. 2B) . These results indicate that translation efficiency of the antiterminator proteins determines the efficiency of glucose repression. It is noted that the induced levels of bglF and bglG mRNAs by salicin were about 1.5-fold higher in the bglG-ATG-carrying strain (YT102) than in the wild-type strain (data not shown), and the expression of these genes was induced by glucose in YT102 (Fig. 6A ). These effects of the enhanced translation efficiency of bglG are consistent with those of overexpression of the gene by using a multicopy plasmid (Fig. 4) . It was also observed that the induced level of bglF2 and bglG2 mRNAs by salicin was downregulated to 20% of that of the bglG2-GTG-carrying strain (YT133) (data not shown). BglF is a second major glucose transporter in C. glutamicum R. It has been reported that the Bgl PTS of E. coli and B. subtilis can transport glucose (35, 36) . The glucose induction of the bglF gene in the C. glutamicum R BglG-overexpressing strain ( Fig. 4 and 6A ) may be explained by activation of the antiterminator BglG via BglF-PTS-dependent uptake of glucose. To examine the involvement of BglF in glucose uptake strains deficient in ptsG, a glucose-PTS and/or bgl-PTS genes were constructed. The resultant strains were grown in rich medium supplemented with glucose, and the concentration of glucose in the medium was measured. Consumption of glucose by the ptsG-deficient strain was retarded compared to that by the wild-type strain (Fig. 7) . However, the ptsG-deficient strain still consumed glucose very well. Disruption of both ptsG and bglF resulted in severe retardation of glucose consumption, suggesting that BglF has a high ability to transport glucose. The disruption of bglF2 in combination with ptsG resulted in only a minor decline in glucose utilization. This result suggests that BglF2 also transports glucose to only a minor extent, presumably corresponding to the lack of bglF2 induction by glucose.
Expression of bgl-PTS genes in the ptsG-deficient strain grown in rich medium with or without sugar (glucose or salicin) was analyzed by qRT-PCR (Fig. 8) . Supplementation with glucose as well as salicin induced expression of bglF in the ptsGdeficient strain while the wild-type strain showed induction to a similar extent by salicin but not at all by glucose (Fig. 8A ). In contrast, the level of bglF2 mRNA under these conditions was not affected by disruption of ptsG (Fig. 8B) . These results suggest that BglF is a second major glucose transporter in C. glutamicum R. 
DISCUSSION
In this study, we investigated the mechanism underlying the different degrees of glucose repression of two bgl-PTS gene clusters. bglF and bglF2 are redundant for utilization of ␤-glucoside in C. glutamicum R (41). Redundant ␤-glucoside PTSs are present in other bacteria such as Streptococcus mutans and Pectobacterium carotovorum (3, 15) . Similar to what was shown in C. glutamicum in this study, different sensitivities of the multiple ␤-glucoside PTS genes to glucose have been reported in S. mutans although the mechanism underlying the differences in the glucose repression remains elusive. Our results shed light on the roles and regulatory mechanism of multiple ␤-glucoside PTS genes in bacteria.
The effects of deletion of RAT sequence on glucose repression of bglF indicate that glucose mainly affects the antitermination mechanism so as to repress expression of this gene (Fig.  3) . However, there remains slight glucose repression of bglF and bglF2 genes harboring a deletion of the RAT, probably at other steps such as transcriptional initiation. Although this regulation plays a minor role in the strict glucose repression of bglF, it may explain weak repression of bglF2 by glucose under the conditions used in this study.
By enhancing expression of the BglG antiterminator protein using a multicopy plasmid (Fig. 4) or changing the translation initiation codon to a more efficient one (Fig. 6A) , glucose repression of bglF was effectively relieved. Overexpression of an antiterminator protein resulted in reduced glucose repression of the target bgl PTS in E. coli and B. subtilis (14, 26) . These results indicate that the amount of antiterminator protein is an important factor for efficient glucose repression. The glucose repression-resistant bglF2 expression in wild-type C. glutamicum is probably explained by the efficiently expressed BglG2 whose translation is initiated by the ATG codon. Indeed, replacement of the translation initiation codon by GTG resulted in strong glucose repression of bglF2. It is interesting that the induced level of bglF by salicin was enhanced by overexpression of BglG (Fig. 4) . Therefore, bglF expression is not fully induced in the presence of salicin in the wild-type cells, probably because the amount of the BglG protein is insufficient for complete antitermination. bglG and bglG2 are likely transcribed as an operon with bglF and bglF2, respectively ( Fig. 1) , implying that these antiterminators are subject to positive-feedback regulation. This positive-feedback regulation may underlie the distinct on/off expression of the two bgl gene clusters in response to glucose due to the different translation efficiencies of the respective antiterminators. In B. subtilis, SacY and GlcT antiterminator proteins, which mediate the substrate-dependent expression of genes involved in utilization of sucrose and glucose, respectively, are not inactivated in the presence of glucose (4, 39) . In these cases, activation of the antiterminators does not require HPr-dependent phosphorylation, explaining their resistance to glucose repression. In contrast, we previously showed that bglF2 expression is dependent on HPr (41), suggesting that activity of BglG2 requires phosphorylated HPr. Moreover, strict glucose repression of bglF2 was observed in a mutant strain with a reduced level of BglG2 protein, indicating that the elemental regulatory mechanism of the C. glutamicum ␤-glucoside PTS is similar to that of other antitermination systems mediating strict glucose repression of the target genes. Therefore, it should be considered that the weak glucose repression of bglF2 may be related to the activation efficiency of the antiterminator protein BglG2 due to the protein level, along with other factors such as HPr phosphorylation state, affinity for the antiterminator protein to RAT, and affinity for HPr to the antiterminator protein. In B. subtilis, HPr kinase/phosphorylase is also an important factor in carbon catabolite repression. Interestingly, C. glutamicum does not have an HPr kinase/phosphorylase homologue, suggesting that its control of HPr activity also differs from that of B. subtilis. Further study of the regulatory mechanism of C. glutamicum bgl genes should provide new insights into the PTS-dependent regulation diversified among bacteria.
In this study, we suggest that BglF is another major glucose transporter and additionally that BglF2 has a minor ability to transport glucose (Fig. 7) . BglF is a member of the PtsG family of enzyme II proteins, and it is known that the bgl PTS EII of E. coli has the ability to transport glucose (36) . In the C. glutamicum ATCC 13032 strain, disruption of ptsG alone resulted in the marked decrease of glucose consumption (28, 29) , in contrast to the high glucose utilization ability remaining in the C. glutamicum R ptsG-deficient strain. This is explained by the presence of disrupted bgl PTS genes found in the C. glu- tamicum ATCC 13032 genome (41) . The residual glucose transport observed in the ptsG-deficient strain derived from C. glutamicum ATCC 13032 and the ptsG bglF bglF2 triple deletion strain from C. glutamicum R may indicate the presence of another minor glucose transporter. In the presence of glucose, expression of bglF and bglF2 is at a low level in the wild-type strain, suggesting that BglF and BglF2 are not involved in transport of glucose under the conditions tested in this study. Indeed, there was no difference between the wild-type strain and the bglF-deficient strain in glucose consumption (Fig. 7) . We also observed that there is no difference in glucose consumption between the wild-type strain and the bglF2-deficient strain (data not shown). Is there any situation in which BglF is required for glucose consumption? It is possible that in the presence of a very low level of glucose that is not enough for glucose repression, BglF may be involved in the transport of glucose to supplement the PtsG function. It is also possible that when PtsG expression is markedly repressed, bglF expression is, instead, induced by glucose, as observed in the ptsGdeficient strain (Fig. 8A) . In E. coli, ptsG mRNA is degraded by RNase E in response to sugar-phosphate stress (20, 30) . It would be interesting to explore whether this regulation is present in C. glutamicum. The present study suggests that the ability of BglF and BglF2 to transport glucose is not the same. This result may be one explanation of why there are two ␤-glucoside PTSs in C. glutamicum R.
